The fatigue crack propagation (FCP) behaviour of < 001 > axially oriented single edge notch (SEN) tension specimens (R = 0.05) if CMSX-2 has been examined. At 950°C c 100 > oriented cracks propagate faster than < 110> oriented cracks in the (001) plane.
Introduction
The understanding of the detrimental effect of grain boundaries on creep properties of components operating at high temperature and the improvement in the directional solidification techniques have lead to the development of single crystal nickel base superalloys. These materials show longer creep life, higher ductility and strain controlled fatigue endurance, as well as better oxidation resistance when compared with equiaxed superalloys. Although no cavitation or grain boundary oxidation mechanisms, that have been widely reported to occur in polycrystal superalloys at elevated temperature when frequency is decreased or when a hold time is included in the fatigue cycle (1) are operative in this class of materials, oxidation and creep processes at the crack tip still remain the time dependent mechanisms that influence fatigue crack propagation (FCP) rates.
Crompton and Martin (2) have studied FCP behaviour of MAR-M 002 in the 600-850°C temperature range and lo-O.1 Hz frequency range. In these experimental conditions they found very limited influence of test frequency on FCP rates, but higher AK threshold at the lower frequency. These results are consistent with an oxide induced closure process at the crack tip, more effective in the near threshold region.
The influence of y' morphology on the low cycle fatigue behaviour of a model single crystal superalloy has been evaluated by Anton (3) in the 650-980°C temperature range. This author found no difference on cycle life to failure between raft-like and cuboidal y'. Instead, in CMSX-2 a marked weakening effect of raft-like y' has been observed in creep (4) (5) (6) . Hardly any results on the influence of raft-like $ microstructure on FCP rate have been found in literature. Such effect has been reported in CMSX-2 (6).
Initially the role played by secondary crystal orientation, i.e. the direction of crack advance in the (001) plane ranging from ~100~ to <llO>, on FCP rate was not completely recognized. Howland and Brown (7) did not find any effect of secondary orientation on FCP rate in SRR 99 single crystal at room temperature. Diboine et al. (8) observed no such effect at 20°C in PWA 1480 single crystal single edge notch (SEN) specimens, while only a slight dependence was observed at 870°C. On this basis the present authors measured FCP rate of <OOl> axially oriented CMSX-2 specimens with random secondary orientation. But recent work by Defresne and Remy (9) on the same type of material has shown a marked secondary orientation influence on FCP rate at 650°C attributed mainly to more effective crack closure in ~110~ than in the weak <loo> direction. This new information cast serious doubts on the previously reported temperature and microstructure dependencies of FCP rates (10, 11, 12) .
The purpose of this work is to determine the temperature dependence of FCP rate in the 750-950°C range and to investigate the influence of creep and oxidation mechanisms on elevated temperature FCP behaviour of CMSX-2 single crystal, having both the standard cuboidal y' microstructure and a raft-like $ simulating a microstructure formed during service. 
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The specimens were loaded along <OOl> direction and the influence of the secondary orientation (i.e. crack propagation direction) of SEN specimens on FCP rate at 950°C has also been quantified.
Material and Experimental Procedure The principal axis of the bars was within 6" off the <OOl> direction. The standard ageing heat treatment which was carried out at 1080°C for 4 h followed by 870°C for 20 h (ST) produced a 2/3 volume fraction dispersion of cuboidal v' precipitates of 0.5 pm average size (Fig.la) . The raft-like y' microstructure, perpendicular to the applied stress axis, was obtained adopting a thermomechanical treatment (TMT) of 24 h at 1050°C under a stress of 120 MPa in vacuum (Fig. lb) of the ST material. SEN specimens with rectangular cross section of 12 mm by 4.5 mm and starter notch 1 mm deep with 0.05 mm radius at the crack tip machined by electrical discharge device were used after fatigue precracking at room temperature, at 10 Hz under the same load conditions used for the subsequent high temperature tests. Typical precracked surfaces along { 111) planes are reported in Fig. 2 confirming that octahedral slip system is active at room temperature (13) . The influence of secondary crystalline orientation along the direction of the crack propagation has been analyzed using <loo>, <210> and cllO> specimens loaded in the <OOl> direction.
The fatigue tests were carried out on ayrvohydraulic testing machine in load control at 750 and 950" C in air and in vacuum (10 Pa) using triangular wave loading (R = 0.05) at the frequency of 4 Hz. Tests at 950°C have also been performed adding a 5 s hold time at the maximum load of 5,880 N to the triangular wave both in air and in vacuum, always within the linear elastic fracture mechanics frame. Crack length was measured using the d.c. potential drop technique and the crack growth rates were calculated adopting the incremental polynomial procedure.
The fractured specimens have been sectioned parallel to the applied stress and crack propagation directions and prepared by standard metallographic techniques in order to observe the relationship between crack growth and microstructure. 
Experimental Results
Secondary Orientation Effect. The influence of secondary orientation on ST material FCP rate at 950°C and 4 Hz triangular loading is reported in Fig. 3 . The results show the lowest values of FCP rate for cracks propagating along cllO> while <loo> is confirmed to be the weakest direction with an average factor 6 faster propagation. The c210> direction consistently shows intermediate FCP rate values. At this temperature the orientation effect is relevant but smaller than the one observed at 650°C on the same alloy (9) . In the 950°C tests with 5 s hold time at maximum load the influence of secondary orientation on FCP rates is similar to that observed in high frequency triangular wave shape tests: the <loo> propagation is about 4 times faster than propagation along ~11 O>.
Microstructure & Temperature Effect. The FCP rates at 4 Hz, and 750°C and 950°C are reported in Fig. 4 for the two different microstructures. A marked decrease of FCP rate of ST material appears when temperature is increased from 750 to 950°C. Comparing these data with data at 650°C from Defresne and RCmy (9), also plotted in Fig. 4 , although their ageing heat treatment was slightly different, the highest FCP rates appear at 750°C while 650 and 950°C data are not much different. This behaviour is also consistent with the conclusions of Chan and Leverant (14) that found limited temperature effect on FCP rate of MAR-M 200 single crystal between room temperature and 982°C in the 10 to 20 Hz frequency range. At 950°C the TMT material does not behave much differently than at 75O"C, appearing less resistant to FCP than the ST material.
The fracture surfaces show in general a macroscopically flat non crystallographic propagation perpendicular to the applied stress, Fig. 2 . At 750°C and high AK fatigue striations and facets on { 111) planes became evident and at AK values above 50 MPaqm all the propagation facets occurred on (111) planes for both ST and TMT materials showing a roof-top pattern (Fig. 5) . At 950°C different fracture morphologies are apparent depending on the microstructure. In the ST material at low AK the crack grows along (001) planes. When LLK increases secondary cracks and some crystallographic facets appear, specially at the near-surface region and this type of fracture prevails at high LK (Fig. 6a) . At low stress intensity range the fracture surface of the TMT material is flat (Fig. 6b) while at high AK values some asperities, but without any crystallographic features, can be found on the fracture surface.
Time Dependent Effects. The results of triangular and hold time tests at 950°C in air and vacuum are reported in Fig. 7 for ST material. A similar but less complete graph for TMT material is shown in Fig. 8 . 
Discussion
Test temperature has a strong effect on mechanisms of FCP in CMSX-2. At room temperature the propagation is crystallographic indicating that the plastic deformation is heterogeneous, localized along octahedral {Ill} slip planes, as observed in the precracked regions, Fig. 2 . At high temperature thermal activation of dislocations produces a more homogeneous plastic deformation, thereby fracture surfaces do not present crystallographic features. It has been reported that crystallographic propagation is found up to about 760°C in this class of materrals (13) . Fig. 9 .
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Confirming the reported behaviour, some crystallographic features are present on the fracture surfaces at 750°C and high AK indicating that plastic deformation is still localized on (111) slip planes, Fig. 5 , while secondary cracks and deflections of the main crack along y' channels perpendicular to the crack, copiously present on the fracture surface at 950" C, Fig. 6a , support the hypothesis that more homogeneous deformation, although mainly confined within y matrix, takes place at high temperature. These different fracture morphologies can explain the slower FCP rate at 950°C in the cuboidal y' microstructure. The raft-like y' microstructure is perpendicular to the applied load and tends to confine crack propagation within the matrix. In fact in TMT material at 950°C no branching of the crack is observed, the fracture surface being very flat, Fig. Gb , and only rarely cutting through the y' rafts.
It has been established that in general high temperature cyclic crack propagation can be separated into time-dependent and cycle dependent components, the former being creep and/or cnvironment controlled, while the cycle-dependent part is regarded as the pure fatigue component. At clcvatcd tcmpcrature the inclusion of a hold time in a fatigue cycle for polycrystalline materials results in increasing crack growth rates at higher stress intensities and in retarding crack propagation in the near threshold region (16, 17) . Thcsc results can be rationalized within fatigue-creep-environment interactions: at IowAK, i.e. at threshold region, oxide induced closure may reduce the effective AK and retard crack propagation, while at high AK oxide layer in air is not thick enough compared to the crack tip opening displacement (CTOD) to cause significant crack closure, and oxidation enhanced embrittlement forms at grain boundaries within the plastic zone during each hold period, thereby accelerating crack propagation. The FCP rate curves shown in Fig. 7 are discussed here within creep-fatigue-environment interactions frame: the 4 Hz vacuum curve represents the pure fatigue component of the crack propagation phenomenon that is quite close to the CTOD model prediction (lg), shown by the dashed line in Fig. 7 . The 4 Hz curve in air is more than an order of magnitude slower at the smallest AK. This FCP rate gap continuously decreases with increasing AK and the two curves finally converge at high AK, consistently with an oxide induced closure process. When the hold time is added in vacuum no creep effect appears at low AK, but when AK is increased the hold time curve and the triangular curve continuously diverge. The difference between these two curves in vacuum represents the creep and/or creep-fatigue interaction contribution to the FCP rate. Hold time FCP rate curve in air appears still slower than the triangular curve for all the AK range explored indicating that: i) oxide closure is more effective, and ii) oxide blunting of the crack tip occurs, Fig. 11 , when hold time is added. These two phenomena could also explain why no creep and/or creep-fatigue acceleration is clearly observed in the hold time curve in air.
Experimental support to oxide closure hypothesis was sought in observing the variation of the oxide thickness on the fracture surface, Fig. 12 . The asymptotic value of the thickness at maximum distance from the notch could be representative of crack tip situation due to the short time exposure of this zone at elevated temperature. The standard material, tested at 5 s hold time, had the thickest oxide layer while rafted material without hold period had the thinnest oxide. This oxide thickness was approximately 10 % and 30-60 % of l/2 CTOD value at triangular and hold time conditions, respectively, at low AK; at high AK it became 2 % at 4 Hz where closure mechanism is not effective anymore and lo-20 % in hold time tests. 724
Conclusions
This study of FCP behaviour in < 001 > loaded single crystal of CMSX-2 superalloy has shown: i) FCP rates at 950°C are much slower along < llO> than along the fastest direction < lOO>;
ii) when temperature is increased from 750 to 950°C FCP rate decreases in cuboidal y 1 material while only a slight FCP rate change is observed in raft-like y 1 material;
iii) at 950°C both oxidation and creep processes at crack tip are operative; the effect of oxidation is to slow down FCP rates through oxide induced closure mechanisms at low AK and possibly through crack tip blunting; on the other hand, the effect of creep is to enhance FCP rates at high AK values; iv) due to the absence of the environmental effect the vacuum FCP rates, that simulate growth of cracks starting and propagating inside the component, show higher values, especially when hold time is applied; v) cracks in material after short service in high temperature creep regime propagate faster than i:gstandard microstructure material at 950°C. 
